Maximum-lift and stalling characteristics of wings by Sivells, J. C.
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Langley Aeronautical Laboratory 
The ~ i r m u n - l i f t  and s t a l l i n g  charac ter i s t ics  of wings const i tute  
a sxbject t h a t  i s  common t o  a l l  types of airplanes, s r n r t l l  o r  large, 
low speed or  high speed. The problems associated with eazh type may, 
hmever, be widely different .  The old biplanes and ear ly monoplmep 
had s t a l l i ng  charac ter i s t ics  which were usually f a i r l y  good. The wing 
loadings were low so tha t  the landing speeds were r e l a t ive ly  low. The 
re la t ive ly  thick, rectangular wings tended t o  stall near the center and 
gave the p i l o t s  adequate s t a l l  warning. As  the airplans designs became 
more ef f ic ien t ,  the s t ruc tura l  designers demanded t h s t  the  wings be 
tapered t o  decrease the  s t resses  at  t h s  wing roots.  Tapering the wings, 
however, tended t o  move outboard the spanwise posit ion of the  incipient  
stall, so t h a t  a compromise has t o  be made between the s t ruc tura l  and 
aerodynamic desiderations. Recently the use of thinner and smoother 
wing sections, higher wing loadings, and unconventional plan forms has 
resul ted in fur ther  compromlsss, both s t ruc tu ra l  and aerociynamic, since 
the fac tors  which a re  necessary f o r  high-speed performance zne usually 
not conducive t o  low--speed performsnce. A l l  pressnt-day airplanes 
represent the r e s u l t s  of such compromises i~h ich  have been made in t h e i r  
designs. 
Sinze it i s  desirable t o  be able t o  predict  tha mir r rmn- l i f t  and 
s t a l l i ng  chwac te r i s t i c s  of an airplane a t  a very early stage i n  i t a  
design, a large amount of research has been done with t h i s  end i n  mind. 
This research has been undertaken along three l i n s s  - thsore t ica l  work, 
wind-tunnel experiments, and f l i g h t  t e s t s  - which must be closely 
correlated t o  provide the  maximum mmt of useful information. Th,o 
theore t ica l  work can indicate trends due t o  var iat ions i n  the  wing 
geometry but cannot adequately include the interference e f fec t s  of the 
fuselage 0,- nacelles. The wind-tunnel experiments can determins the 
maximum l i f t  values f o r  a m o t h  model or one with standard leading-edge 
ro-ghnsss but oftentimes at  values of Reynolds number or Macn number 
different than those at  which the airplane w i l l  f l y .  Moreover, the 
s t a l l i ng  characteri  s t i c  s determined i n  most wind tlxmels ob tainad for 
models which are rest,rajned a t  a given a t t i t ude  so tha t  the motions of a 
s t a l l ed  airplane cannot be simulated. The f i n a l  analysis  of the maximum- 
l i f t  and s t a l l i ng  charactet-ist ics of an airplans comes i n  the f l i g h t  
t e s t s  where a l l  the fac tors  which influence t h s  charac ter i s t ics  are 
integrated. A t  t h i s  stage of the design, however, it m y  be too l a t e  
or very expensive t o  make a l te ra t ions  necessary t o  improve the chmacter- 
i s t i c s ,  In sp i t e  of a l l  the research which has been done along thess 
l inss ,  much m r e  remains t o  be done before accurate predictions ctsn be 
made of the charac ter i s t ics  of every type of airplane. 
One of the major factors  which influence the maximm-lift and 
s t a l l i ng  charac ter i s t ics  of a wing is  Its a i r f o i l  section. Coaparisons 
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of various a i r f o i l  sections can 3es t  be made from the r e s u l t s  of two- 
dimmsional wind-tunnel t e s t s .  The NACA &series a i r f o i l  sections 
have been rlescribed i n  the paper Py von Doenhoff and Loftin. In figure 1, 
the values of the maximum l i f t  coeff ic ient  of the NACA 64-series sections 
a re  shown f o r  a Reynolds n d a r  of 6 x lo6. (see reference 1.) In 
order t o  provide an indication of the maximum-lift capabi l i t ies  of an 
a i r f o i l  with l ~ s r i o u s  types of high-lift f laps,  nearly a l l  sections a re  
t e s t ea  with and without 20-parcent-chord s y l i t  f l aps  deflected 60'. 
Varying the a i r f o i l  thickness r a t i o  has approximately the same ef fec t  on 
the maximum l i f t  of the NACA &series a i r f o i l s  a s  it does on fhe older 
4- and w i g i t  a i r f o i l  sections. (see reference 2. ) Without flaps,  the 
highest values a re  f o r  thickness r a t i o s  of about 12 t o  15 percent. With 
f laps,  the highest v a l ~ e s  a re  f o r  thickness r a t i o s  of about 18 
t o  21 percant. The a i r f o i l  thickness a l so  has an appreciable e f fec t  on 
the sh.~-pness of the l i f t -curve  peak (reference 3) which, i n  turn, may 
influence the s t a l l i n g  charac ter i s t ics  of a wing. The very th in  sections, 
up t o  about 6 percent thick, have flat-top l i f t  curves, charazter is t ic  of 
f l a t  plates.  The sections from about 9 t o  12 percent thick have re la t ive ly  - 
sharppeak l i f t  curves characterized by abrupt separation of the flow from 
the en t i r e  upper surface i n i t i a t e d  by laminar separation near the leading 
edge. The actual  flow mechanisq i s  quite complex but i s  described more- 
f u l l y  i n  reference 3. The thicker sections have more r m d e d  l i f t -curve 
peaks chzaracterized by separatian of tha turbulent boundary layer s ta r t ing  
a t  the t r a i l i n g  edge. Not only the thickness but a l so  tha a i r f o i l  
contour, par t icular ly tha forward part ,  has sn ef fec t  on the section 
s t a l l i n g  chazacter is t ics  so t h a t  d i f fe rent  families of a i r f o i l s  do not 
necessarily exhibit  the sam+ charazter is t ics .  For example, f o r  equal 
thicknesses, the HACA 6-series sections do not hava as sharp l i f t -curve 
peaks as the NACA 230-series sections. 
The addition of camber of the uniform-load type generally increases 
the values of maximum l i f t  coeff ic ient  as shown'in f igure 1 f o r  .val?lea 
of design l i f t  coeff ic ient  c of 0.2 and 0.4. S t i l l  greater amounts 
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of c m e r  do not fur ther  increase the  maximum l i f t  coefficient.  These 
curves a re  typica l  of a l l  the NACA &ssries sectians. Th3 values f o r  
NACA 63-series sections a re  generally a l i t t l e  highsr than those sho-a 
while those f o r  the NACA 65- an3 66-aeries m e  a l i t t l e  lower. T3e 
e f fec ts  of Reynolds nurriber on t h s  values of maximum'lift coeff ic ient  are  
about the same as f o r  the  older types of a i r f o i l s .  These data were a l l  
obtained with the a i r f o i l s  i n  a smooth condition. With so-called 
standard leading-edge roughness applied t o  the forward 8 percent of the 
a i r f o i l  surface, the effects  of thickness and Reynolds n@ar are  6 materially reduced. For example, a t  the Reynolds number of 6 X 10 , 
ths  values of maximum l i f t  coeff ic ient  f o r  the 6-percent-thick sec+,ions 
w e  l i t t l e  affectea by roughness, f o r  the 12-percent-thick sections 
losses  of 0.3 t o  O.5.are ca;ussd 'by roughness, and f o r  the thicker s s c t i m s  
the losses  clue t o  r o ~ h l e s s  are of the order of 0.2 t o  0.3. These losses  
-In c m e  accompanied 'by a roiunding-off of the l i f t -curve peaks. 
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Tha thicker sections with s p l i t  f l aps  give f a i r l y  high values of 
maximum l i f t  coefficient,  of the order of 2.8. Fm high-sped p e r f o ~ m s e ,  
howe~ar, much t h i m e r  sections must be :rsed, usdally l e s s  than 12 p2rcent 
thick. It then becomes imperative t o  use some more powerful type of high- 
l i f t  device i n  urder t o  obtain high vdi las  of maximum l i f t  r,oefI"ic;ient, 
In figure 2 a re  sh~wn typical  values which can be obtained fo r  varioas 
types and co&inations of high-lif? devices. Ths iiifference bstwzm th5 
two sections shown i s  m i n l y  t h s t  of caaber. The double s lo t ted  f lap  
i s  Qne of the most powerful types of trailing-edge f l a p  and on the 
NACA 641~212 section produces a value of c of about 2.85 fo r  a Reynolis 
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6 number of 6 X 10 a s  -,ompared with a value of 2.41 obtained with a s p l i t  
f lap.  (see references 4 &?d 5 . )  The addition of a leading-eclge s l a t  
increases tha value of c2 t o  about 3.38. A s t i l l  fur ther  increase 
ma.x 
can be obtained by removing par t  of the boundary layer by suction through 
one or more s lo t s ,  For a single s l o t  located a t  40 percent of the chord 
and a flow coeff icient  of 0.025, a m a x i m u m  l i f t  coeff ic ient  of 3.72 has 
been obtained i n  conjunction with a double s lo t ted  f l ap  snd a leaiiing- 
edge s l a t .  
Another type of leading-edge device i s  the extensible leading-edge 
flap. (see reference 6. ) Two types of f l a p  are  shown with the 
NACA 6 4 1 ~ 1 2  section; one is  intended t o  be hinged a t  the  lower surface 
near the nose of the a i r f o i l  and the other i s  intended t o  be retracted 
in to  the uppar s.mface. The lower-surface f l a p  i s  probably simpler from 
a construction standpoint but produces a discontinuity a t  ths  nose and 
is, therefore, not as 3ffective as the upper-surface flap.  Used i n  
sonjunction with a s p l i t  f lap,  however, tha lower-surface leading--edga 
f l a p  produces a f a i r l y  high value of c One advantage of th2 
~~ 
leading-edge f l a p  as a high-lift device i s  tha t  it produces approximately 
the same values of c on s t i l l  thinner a i r f o i l  sections (reference 7)  
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even though the values obtained f o r  the plain a i r f o i l  decrease rapidly 
with aecreasing thickness. 
Although the two-dimensional. data give a f a i r l y  good indication of 
the r e l a t ive  merits of various a i r f o i l  sections, the other f sc tors  which 
influence the mimum-lif t  and s t a l l i ng  character is t ics  of wings must be 
investigated i n  three-dimensional flow on wings of f i n i t e  span. Coaplet:: 
wings m y  be divided in to  two catagories: those having l i t t l e  or no 
sweep and those which are  sweptback or sweptforward enough t h s t  the sweep 
has an influence on the wing character is t ics .  Since much more i s  known 
about the character is t ics  of unswept wings, these a re  discussed f i r s t .  
Except f o r  wings of very low aspect r a t io ,  the various sections of 
an unswept wing behave very much as they do i n  two-dimensional flow but 
a t  a? effective angle of a t tack as predicted by l i f t ing-l ine theory. 
Even the nonlinearity of th3 section l i f t  curves i n  the v ic in i ty  of 
maximum l i f t  can be taken in to  account by a method developed f o r  calcu- 
l a t ing  th..: wing character is t ics  using actual  two-diwnsional data. 
( ~ s e  reference 8.) Figme 3 shows,the r e s u l t s  of such calculations f o r  
one of a se r i e s  of wings. (see references 9 t o  11.) The calculated 
curve i s  %ere superimposed on the points obtained experimentally. This 
par t icular  wing has the f a i r l y  high aspect r a t i o  of 10 and a taper r a t i o  
of 0.4. The sections varied i n  thickness from 20 percent at  the root  
t o  12 percent a t  th.= t i p  and account w a s  taken of the var iat ion i n  
Reynolds number from root t o  t i p  due t o  the taper. The agreement 
between th3 calculated and experimental r e s u l t s  w a s  very good f o r  t h i s  
wing and a t  l e a s t  reasonably good f o r  a l l  the wings of the ser ies  investi- 
gated. In a l l  cases th s  agreement w a s  be t t e r  than i f  no account were 
taken of the nonlinearity of the section l i f t  curves. 
31 addition t o  the value of the maximum l i f t  coefficient,  t h s  
s t a l l i ng  character is t ics  of a wing can be predicted by t h i s  method a s  
shown i n  figure 4. This i s  f o r  the same wing a s  t h s  previous figure.  
The upper, or dotted, curve shows the spanwise variat ion of the maximum 
l i f t  coefficient f o r  the various sections as determined from two- 
dimensional t e s t s .  The variat ions of thickness and Reynolds nuniber 
along ths  span a re  taken in to  account. The lower, or solid,  curve i s  
the spanwise variat ion of the loca l  section l i f t  coeff ic ient  at  the 
maximum value of wing l i f t  coeff ic ient  as calculated by t h s  method 
mentioned. Where the curves a re  tangent, the sections have reached 
t h e i r  maximlxn values of l i f t  coeff ic ient  and the  stall has begun. The 
divergence between the curves i s  an indication of the progression of 
the stall. Ii7. t h i s  par t icular  case, the difference between the curves 
a t  tht: root  i s  probsbly insuff ic ient  t o  prevent separation, so tha t  the 
wing would be predicted t o  be s t a l l ed  over about 90 percent of the semi- 
s p a .  From wind-tunnel t e s t s  u i t h  t u f t s  attached t o  the wing, the area 
indicated w a s  s t a l l ed  a t  maximan l i f t .  The agreement between the wind- 
tunnel t e s t s  and the predicted stall  i s  reasonable. Whether t h i s  wing 
would have sat isfactory s t a l l i ng  charac ter i s t ics  i n  f l i g h t  cannot be 
predicted from these data inasmuch as the motions of the s t a l l ed  airplaae 
a re  not known. It can be conjectured t h s t  some los s  i n  ai leron effective- 
ness woilld be experienced near m a x i m  l i f t  but, because of the thick 
root  sections which experience separated flow a t  values of l i f t  coeffi- 
c ient  soaewhat below the maximum, the p i l o t  msy have warning of the 
incipient  stall  i n  the nature of t a i l  buffeting. 
Although the maxinrum-lift and s t a l l i ng  chsrac ter i s t ics  of unmept 
wings a re  believed t o  be predicted be t t e r  by the method using nonlinear 
section lift data th.m by older method8 in which the section l i f t  curves 
a re  ass-med t o  be l inear ,  much useful information has been obtained by 
the l a t t e r  rasthods as t o  the 'e f fec ts  of various geometric parameters. 
One such theoret ical  investigation (references 12 and 13) provides the 
information sh~wn i n  f igure 5.  It has been generally accepted tha t  a 
rectangular wing (taper r a t i o  of 1 )  w i l l  possess good s t a l l i ng  character- 
i s t i c s  inasmuch a s  the stall tends t o  start at  the root  and progress 
slowly outboard a s  indicated by the lower left-hand curves. There may 
be cer tain conibinations of variables, however, f o r  which such a 
generalization i s  not true.  Furthermore, too early a root  stall may 
seriously reduce ths  maximum l i f t  or cause too much t a i l  buffeting, 
It may, therefore, be desirable from an aerodynamic as well a s  a 
s t r u c t w a l  standpoint t o  taper the  wing. A taper r a t i o  of 112, which 
many designers consider t o  be moderate, moves the incipient-s tal l  
posit ion dangerously f a r  oxtboard fo r  a wing with t h i s  par t icular  
combination of a i r f o i l  sections. I f  other design cr i te r ions  allow 
the root  thickness t o  be increased t o  21 percent, the stall can again 
be moved inboard because the thicker sections have lower values 
of c . It is  thus readi ly seen t h a t  it i s  extremely import&& t o  
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consider not only the taper r a t i o  but a l so  the a i r f o i l  section and other 
variables i n  the design of a wing with good s t a l l i n g  character is t ics .  
The lower right--hand curves show t h a t  more taper again s h i f t s  t h s  s t a l l  
outboard even though the  root  section i s  quite thick. 
A few general remarks should be made a t  t h i s  time. The use of 
nonlineas section l i f t  data has oftentimes indicated t h a t  the  s t a l l  
would be more severe than t h a t  indicated by the use of l i nea r  data. 
These four examples shown a re  f o r  an aspect r a t i o  of 6, constant camber 
f ron  root  t o  t i p ,  and no washout. The ef fec t  of increasing aspect r a t i o  
i s  t o  leve l  off the local- l i f t -coeff ic ient  dis t r ibut ions thereby making 
t h s  s t a l l i ng  character is t ics  be t t e r  or  worse depending upon the s h ~ p e  of 
the maximum-section-lfft-coefficient distribution. An increass i n  
caniber from root  t o  t i p  w i l l  usually improve the s t a l l i ng  chwac te r i s t i c s  
i f  the maximum section l i f t  coeff ic ients  a re  increasgd near the t i p .  
Washout w i l l  a1sg improve the s t a l l i ng  charac ter i s t ics  by increasing the 
loca l  lift coefficients near the root  an5 decreasing thsm near t h s  t ip .  
The use of e i ther  cardber increase or  washout m y  be limited, however, 
by the high-speed requirements f o r  the  airplane. The high-speed require- 
ments m y  a lso  d ic ta te  the shape and thickness of the a i r f o i l  section 
which may great ly  influence the s t a l l i ng  chwac te r i s t i c s  i n  a ~I1Etnner not 
shown i n  the abova type of analysis or even i n  wind-tunn.=l t e s t s .  The 
use of an a i r f o i l  section with a sharp-peak l i f t  curve may r e s u l t  i n  a 
rapid ro l l -o f f  or pitching motion when the airplane stalls i n  f l i g h t .  
Another factor  which may a f fec t  the s t a l l i n g  charac ter i s t ics  of an 
airplane i s  the sl-lpstream from a t r ac to r  propeller. (see reference 14.) 
The increased velocity i n  the slipstream increases the loca l  Reynolds 
nmiber of the wing sections behind the propeller. The downwash behind 
an inclined propeller tends t o  reduce the effect ive angle of a t tack of 
the wing sections. Both of these e f fec ts  tend t o  delay s t a l l i ng  i n  the 
affected regions and may allow t h s  outboard sections of the wing t o  
stall f i r s t .  Another e f fec t  i s  tha t  of s l ips t rean  rotat ion which causes 
th s  sections behind the upgoing propeller blades t o  s t a l l  before the 
sections behind the downgoing propeller blades. 
Where the high-speed requirements influence the design so tha t  a 
poor-stalling wing resu l t s ,  the designer may re so r t  t o  the use of stall  
control devices such as the sharp leading edge and leading-edge s l a t .  
Figme 15 shows t he  use of a sharp leading edge on a wing with a t apzr  r s? io  
~f 113.  see refersnce 15.) The outboard s t a l l  of t he  p l a in  wing i s  
correzted by decreasing the  mimum sect ion l i f t  coef f ic ien t s  n e w  the  
root;  t h ?  s ta l l  i s  thereby caussd t o  movs i n b ~ m d .  The use of t h i s  type 
of s ta l l  control  device r e s u l t s  i n  a lover maximum l i f t  cos f f i c i en t  of 
the  wing and would probably no t  be used except where absolutely necessary. 
Figure 7 shows t he  use of a leading--edge s l a t  over t he  outboard p a r t  of 
the  ving. (see reference 12 , )  In t h i s  case the  t i p  s t a l l  i s  prevented 
by increasing t he  maximum--lift c apab i l i t i e s  of t h e  oxtboard sect ions  an5 
a higher wing l i f t  i s  obtained. Although t h i s  sna lys i s  ind ica tes  t h a t  
the  s ta l l  would be local ized near t he  inboard end of t h s  f l ap ,  it i s  
extrem3ly d i f f i c u l t  t o  p red ic t  t h e  f l i g h t  charac te r i s t i cs .  
Associated with t h e  maximum-lift and s t a l l i n g  cha rac t e r i s t i c s  of 
a i rplanes  i s  t he  sinking speed i n  t he  landing approach. This my be a 
deciding f a s t o r  as t o  what typg of high-l if t  device t o  uss. Figure 8 
shows t h e  lif-ag po la rs  of a wing-fuselage combination with th ree  
types of Gbpercent-span f laps .  ( see  reference 16.) To place t he  f l a p s  
on a more comparable bas is ,  a t a i l  length  vas assumed and t h e  negative 
l i f t  on t h e  ta i l ,  necessary to t r i m  out  t he  pi tching moment due t o  t he  
f l aps ,  w a s  added t o  t he  wing l i f t  t o  give a .value of trimmed l i f t  
coeff ic ient .  Superimposed on thsse  polars  i s  a g r i d  of l i n e s  of constant 
sinking speed Vv aria constant g l id ing  speed calcula ted f o r  a wing 
loading of 60 ?o~mds per square foot .  Although ne i t he r  t he  b a g  of 
nacel les ,  lazding gear, ta-L1, and protcberances n3r t h e  g f f ec t s  of power 
i s  in:lu3ed, a comparison of t h s  various types of f l a p  can be ma5e. The 
lowest sinking speed f o r  any of t he  flapped-wing configurations wo:~ld 
be obtalned with t h e  s ing le  s l o t t e d  f l a p s  bu t  t h e  lowest g l id ing  speed 
would be obtained with t he  double s l o t t e d  f l aps .  These data  a r e  f o r  
a lC-percent-thick wing with sn  aspect  r a t i o  of 9. For t h i s  pa r t i cu l a r  
wing, t he  f l a p s  had p rac t i c a l l y  no e f f e c t  on t he  s t a l l i n g  chs;racterist ics.  
In t h ?  e s t i m t i o n  of full-scale f l i g h t  values of maximum l i f t  coef- 
f i c i e n t  f ro=  w i n d - t d e l  data, due acco~mt  must be taken of t he  di f ference 
i n  Mach n W e r  as wel l  a s  t he  difference i n  Reynolds number between t he  
f l i g h t  and wind-tiamel conditions. A l thoqh  t h e  e f f e c t s  of compressi- 
b i l i t y  a r e  us .~a l ly  associated with r e l a t i v e l y  high subsonic Mach riders, 
such e f f ec t s  a r e  als.3 im9ortant a t  Mach numbers as low as 0.2 i n  s tud ies  
of m imum lift. Soms of t h e  i n t e r r e l a t ed  e f f e c t s  of Mach number and 
Reynolds r u b e r  are shown i n  f igure  9. (See reference 17.) These data  
were obtained by t e s t i n g  t he  same wing a t  atmospheric p r e s s w e  and a t  a 
p re s swe  of a3oat 2 i  atmspheres.  A t  each pressure., t e s t s  were made 
o7er t h s  r a q e  of Maoh number. The same d a t s  a r e  p lo t ted  as a function 
of both Reynolds -rlmb.=;r =d Mach nwiber. The peak values of m a x i m  
l i y t  coefficieztt i n  each caee were obtained when t he  c r i t i c a l  pressure 
coef f ic ien t ,  correspoading t o  a l o c a l  Mach number of 1, w a s  reachrd. A t  
speeds lower than t h i s  c r i t i c a l  speed, the  Reynolds n d e r  ha3 more e f f ec t ;  
c increased with increasing Reynolds n-mker. A t  speeds higher than 
2mx 
the c r i t i c a l  speed, Mach number had more effect ;  c decreased with 
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increasing Mach number. A t  the  higher Reynolds number, the presswe 
coefficients were more negative and the c r i t i c a l  presswe coefficient 
was reached a t  a lower free-streamMach nuniber. The pressure coeff ic ients  
vere c t i l l  more negative with the f l aps  deflected and the c r i t i c a l  presswe 
coeff icient  was reached a t  s t i l l  lower f r e e s t r e a m  Mach ntlmbers. Although 
these data per tain t o  one par t icu lar  wing, they do shaw the importance of 
considering both the Reynolds number an3 t h s  Mach number when estimations 
a re  made of t h s  maximum l i f t  coeff ic ient  of a wing. 
Up t o  t h i s  point, only unswept wings have been considered. Although 
m y  of the fac tors  which influence the  maxinu-lift and s t a l l i ng  charac- 
t e r i s t i c s  of unwept wings a l so  a f f ec t  t h s  charac ter i s t ics  of w e p t  wings, 
such e f fec t s  a re  often masked by tha e f f ec t  of sweep. The charac ter i s t ics  
of swept wings m e  not a s  amenable t o  calculation a s  those of unswept 
wings. Some qual i ta t ive e f f ec t s  of sweep, however, may be dissussed. As  
shown i n  the previous paper by Tol l  and Diederich from calculations by 
lifting-surface theory, sweepback ten38 t o  load up the outboard sections 
of a wing while sweepforward tends t o  load up the inboard sections. In 
addition t o  these effects  on the span loading, the spanwise component of 
the a i r  flow tends t o  sweep the boundary layer outboard on swept3ack 
wings ruld inboard on sweptforward wings. The thickened boundary layer 
which r e su l t s  i s  more susceptible t o  separation than the thinner bomdary 
layer on an unswept wing. The e f fec t s  a re  additive, causing severe t i p  
s t a l l  on sweptback wings and severe root  s t a l l  on sweptforward wings ss 
sham i n  figure 10. (see reference 18.) For thesg t e s t s  the same semi- 
span wing w a s  rotated t o  give the various sngles of sweep, an3 d i f fe rent  
t i p  an3 root  sections were added f o r  each angle, Th5 aspect r a t i o  was 
thus decreased a s  the sweep w a s  increased. In  addition t o  the los s  i n  
l a t e r a l  control a t  the stall of the sweptback wings, sweep, e i ther  for- 
ward or  backward, may cause longitudinal i n s t a b i l i t y  at  the stall  f o r  
some aspect ra t ios .  This i s  discussed more f u l l y  i n  another paper but 
i s  mentioned here because subsequent values of maximum l i f t  shown may 
not be usable because of longitudinal i n s t ab i l i t y .  
Tha ef fec t  of sweepback on -imum l i f t  coeff ic ient  i s  shown i n  
f igure 11. (see reference 19. ) These r e s u l t s  were obtained i n  a ti~rbu- 
l en t  win3 tunnel and the values of Reynolds number a re  the su-called 
"eff ective"va1ues obtained by multiplying the t e s t  values by a f sc toi- 
which i s  a function of the amount of turbulence i n  the a i r  s t rmn .  Thc 
va l id i ty  of the use of this concept of effect ive Reynolds _?mbf;.r has not 
been established fo r  swept w2ngs. Th3 important point s h 3 ~ n  by these 
curves i s  tha t  Reynolds number must be taken in to  account whm discilseing 
the effect  of sweep an ths  maximum l i f t  coefficient of a wirLg snd low- 
scale wind-tunnel r e s d t s  m y  not apply t o  full-male airplane;;. 
Sweep also has a pronounced ef fec t  upon the inzrement i n  l i f t  
coefficient due t o  f l ap  deflection a s  shown i n  f igure 12. ( ~ e s  
reference 20.) These are low-scale r e su l t s  abtained a t  a Rsjmoldv n7aLber 
of 1 X lo6 t o  2 X lo6. A l l  the  wings tes ted  had the same chord normal t o  
the leading edge, were untapered, an?. had the  sane span. The aspect 
r a t i o  decreased, therefore, with increasing sweepback. The increment i n  
l i f t  coeff ic ient  is due t o  tha deflection of 50-percent-spa, 20-percent- 
chord, s p l i t  f l aps  deflected 60°. A t  low angles of attack, the incremant 
i n  l i f t  coeff ic ient  var ies  approximately as the empirical cosine--squared 
curve multiplied by the fac tor  TJ t o  take- in to  account the difference i n  
aspect r a t io .  The increment ;n maximum l i f t  coeff ic ient  i s  somewhat 
lower, f a l l i n g  t o  zero f o r  60 meepbsck, 
As mentioned previously, the t i p  stall of a sweptback wing caases 
a los s  i n  l a t e r a l  control and may cause longitudinal ins tab i l i ty .  It i s  
oftentimes possible, however, t o  eliminate t h i s  t i p  s t a l l  by some s t a l l  
control device. Figure 13 shows the r e s u l t s  of using partial-span, 
properly located, leading-edge slats on a highly tapered, moderately 
meptbsck wing. (see reference 14.) In t h i s  case, not only w a s  the t i p  
stall  eliminated, but  the maximum l i f t  coeff ic ient  w a s  increased by the 
addition of the slats. It should be re-emphasized t h a t  the s l a t s  must 
be properly located both as t o  span and posit ion t o  improve the s t a l l i n g  
charaz ter i s t ics  of mch a wing because improperly located slats on t h i s  
same model did not give any improvement. 
In conclusion, the present s t a tus  and future needs of research on 
maximmu-lift and s t a l l i n g  charac ter i s t ics  can be summarized. Theoretical 
methods of analysis f o r  unswept wings have been developed f o r  predicting 
the e f fec ts  of var iat ions i n  wing geometry. Similar methods are  needed 
which can include the  e f f ec t s  of sweep and low aspect ra t io .  Win3-tunnel 
experiments have been useful f o r  determining some of the e f fec ts  of sweep 
and of various airplane components. Further wind-tunnel investigations 
a re  desirable i n  which the models a re  allowed some degree of freedom, 
such as  rol l ing,  so t h a t  f l i g h t  conditions can be par t ly  simulated. 
Further f l i g h t  t e s t s  a re  desirable f o r  investigating the e f f ec t s  of 
var iables  which cannot be taken in to  account a t  present e i ther  by theory 
or i n  the wind t.amels and f o r  defining more nearly exactly what w e  
sat isfactory s t a l l i ng  character is t ics .  Finally, close correlation must 
be main-tained between the theoret ical  analyses, wind-tunnel experiments, 
and f l i g h t  t e s t s  so t h a t  the information from each f i e l d  of research can 
be applied t o  th s  others. 
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Figure 1. - Maximum -lift characteristics of NACA 64 -series airfoil sections 
a t  a Reynolds number of 6 x lo6. 
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Figure 2. - Maximum lift coefficients of NACA 641A212 and 641 -0 12 airfoil 
sections with various high-lift devices. Reynolds number, 6 x lo6. 
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Figure 3. - Experimental and calculated maximum-lift characteristics of a 
wing with NACA 64-series sections. 
Figure 4. - Experimental and calculated stalling characteristics of a wing with 
NACA 64-series sections. 
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Figure 5. - Spanwise lift-coefficient distributions at  maximum lift for four 
wings with NACA 230-series sections. Aspect ratio, 6; Reynolds number, 
8 X lo6. 
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Figure 6. - Effect of a sharp leading edge on the calculated stalling character -. 
istics of a wing. 
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Figure 7. - Effect of leading-edge slats  on the calculated stalling character- 
istics of a wing. 
Figure 8. - Effect of split, single slotted, and double slotted flaps on the lift- 
drag  characteristics of a wing with NACA 65-210 airfoil sections. 
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Figure 9.- Effect of Reynolds number and Mach number on the maximum 
lift coefficient of a wing with NACA 230-series airfoil sections. 
Figure 10.- Stall progressions for wings with and without sweep. 
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Figure 11.- Effect of sweep on the maximum. lift coefficients of wings. 
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Figure 12.- Effect of sweep on the increment in lift coefficient due to flaps. 
Figure 13. - Effect of leading-edge slats  on the stalling characteristics of a 
sweptback wing. 
